Hidden Complexity in the Isomerization Dynamics of Holliday Junctions  by Hyeon, Changbong
276a Monday, February 27, 2012analysis [4] respectively. We deduce the bending energy of the ds part as a func-
tion of EED x. The finding is that the DNA kinks at a critical bending torque
tc ~30 pN x nm, entering a nonlinear regime where the maximum torque is con-
stant (= tc). We derive an analytic expression for the bending energy valid in
the linear and nonlinear regimes [3].The critical torque tc introduces a universal
energy scale ~12 kT in the physics of DNA bending.
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DNA supercoils arise from processes such as replication, transcription and the
nearly 10000-fold compaction of long DNA molecules into the cell nucleus.
Because of their potential to enhance or repress cellular processes (e.g. replica-
tion, transcription, and recombination), supercoils must be carefully regulated.
In fact, chemotherapy drugs have been designed to impede topoisomerase en-
zymes that are responsible for the regulation of supercoils. Motivated by the
biological significance of supercoils, several experimental and computational
studies have focused on probing their structure and dynamics. For example, re-
cent single molecule experiments have uncovered a dynamic buckling transi-
tion while interrogating the torsion-extension relationship for supercoils. As
another example, Brownian Dynamics (BD) simulations of kilo base-pair
lengths of circular DNA have explored the sensitivity of site juxtaposition times
to supercoiling. Unfortunately, however, there remain many fundamental ques-
tions concerning the structure and dynamics of supercoils. In this study, our ob-
jective is to quantify the diffusion constant of plectonemic supercoils along
stretched DNA. To this end, we employ BD simulations of kilo base-pair
lengths of DNA with biologically relevant levels of supercoiling and extension.
From these simulations, we quantify the diffusion constant for plectonemes and
further compute site juxtaposition and plectoneme nucleation timescales.
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The formation of the canonical double stranded helix of DNA and RNA,
through oligonucleotide hybridization, is a ubiquitous process in biology.
Here we describe a single molecule fluorescence resonance energy transfer
(smFRET) study that probes the formation and dissociation of a short (6-9
base pairs) double stranded DNA duplex. Kinetic measurements on this con-
struct reveal that rates of duplex formation are not diffusion limited. In fact,
the rate constants of formation are 2-3 orders of magnitude slower than esti-
mated with a simple diffusion model. Subsequently, the duplex formation/dis-
sociation (kon and koff) rates were measured as a function of Naþ
concentration and both were found to change in a sigmoidal fashion with
[Naþ]. The measured values of koff decreased by a factor of four (0.7(2) s-1
to 0.14(5) s-1) between 25 mM and 1 M Naþ. Surprisingly, kon was found
to be much more sensitive to the [Naþ], increasing by more than a factor of
40 (0.6(6) s-1 to 4.4(6) s-1) over the same range. These changes combine
give a >100 fold change in the unimolecular equilibrium constant (Keq). Fi-
nally, the temperature dependence of Keq was used to dissect the free energy
of duplex formation (DG) into its enthalpic (DH) and entropic (DS) compo-
nents. While DH remains negative under all conditions, increasing the [Naþ]
reduced the magnitudes of both DH and DS. Given that DG decreases with
increasing [Naþ], the magnitude of DS must decrease faster than the unfavor-
able reduction in the magnitude of DH. These insights highlight the dynamic
nature of DNA duplexes on the time scale (seconds to minutes) of many cellular
processes. Additionally, these data may aid in developing and evaluating new
methods for modeling the thermodynamics of DNA duplex formation.
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Looping of double-stranded DNA occurs in many important biological pro-
cesses. The best illustrated example of this is nucleosome formation whereDNA loops almost twice around the histone octamer core. At short length
scales around or below ~200-bp, looping efficiency of DNA is known to depend
strongly on its sequence, but the physical basis of this dependence is not com-
pletely understood. Although looping equilibrium of double-stranded DNA has
been extensively studied by the ligation-based cyclization assay, experimental
studies on its looping kinetics are rare. Thus, to study how DNA sequence af-
fects its looping kinetics, we developed an assay based on single-molecule
Fluorescence Resonance Energy Transfer (FRET), which allows us to observe
reversible looping of ~190-bp long double-stranded DNA in real time. Initially,
we measured looping kinetics of two different DNA molecules that are known
to exhibit opposite propensities to form a nucleosome in vitro, referred to as the
nucleosome DNA (high nucleosome occupancy) and the anti-nucleosome DNA
(low nucleosome occupancy). Under all salt conditions tested, the nucleosome
DNA was observed to loop faster than the anti-nucleosome DNA. Surprisingly,
the looping rate of anti-nucleosome DNA decreased with increasing salt con-
centration in contrast to the nucleosome DNA. Our findings support a model
where looping kinetics of double-stranded DNA is accelerated by formation
of local defects in the secondary structure. We are further testing a series of
DNAmolecules that vary in nucleosome preference to study the correlation be-
tween physical properties of DNA and the chromatin code.
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Not simply a linear molecule, DNA is found in many higher-order conforma-
tions such as loops, plectonemes and condensed regions. Some of these confor-
mations are mediated by proteins and others occur naturally. Much mechanical
work has been done investigating these structures in single DNAmolecules but,
to date, none of these structures have been imaged in single-molecule experi-
ments. Here, we present data visualizing some of these structures using com-
bined fluorescence and force measurements and compare our data with
previous mechanical measurements.
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Persistent heterogeneity has recently been identified in single molecule mea-
surements of enzymes and ribozymes, but its systematic quantification and
structural origin remain elusive. Here, we addressed these issues by analyzing
isomerization dynamics of Holliday Junctions (HJs) as a test case. Even for HJs
that retain relatively simple architectures, the molecule-to-molecule variation
in dynamics persists over long observation time (Tobs), implying ergodicity
breaking of HJ conformational space. An annealing experiment using Mg2þ
pulse, which enables interconversion between HJ trajectories with different pat-
terns, and the architecture of HJ suggest that the persistent heterogeneity of HJs
reflects various internal multiloop topologies stabilized by Mg2þ ions.
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Oligodeoxyribonucleotides (ODNs) composed of four repeats of the human
telomeric sequence d(TTAGGG) can assume several conformations depending
on the cation species present, the presence of additional bases at the 5’ or 3’
end, and on the sample preparation. The secondary structure of these molecules
is stabilized by intramolecular G-quartets. Structural studies have shown that
H-Tel, [d(5’-AGGG(TTAGGG)3-3’)], an ODN composed of repeats of the
human telomeric sequence exhibits significantly different conformations in
the presence of different cations. We have investigated the effect of the concen-
tration of the oligonucleotide on the conformation and self-association of H-Tel
and two ODNs that differ from H-Tel only in the terminal bases, Hybrid-1,
d(5’-AAAGGG(TTAGGG)3AA-3’), and Hybrid-2, d(5’-TTAGGG(TTAG
GG)3TT-3’). The equilibrium structures formed by H-Tel were studied using
circular dichroism spectroscopy (CD), Raman spectroscopy, dynamic light
scattering (DLS), and analytical ultracentrifugation. We observed that in aque-
ous solutions containing 100 mM or greater NaCl, at 2 mM (strands) folded
monomers of H-Tel self-associate to form species consisting of at least four
monomers, i.e. (H-Tel)4. The formation of the associated species was revers-
ible; monomers formed rapidly upon dilution to 20 mM (strands). We were
able to observe the time-dependence of the association using CD and DLS,
